In order to clarify whether high linalool content in citrus leaves alone induces strong field resistance to citrus canker caused by Xanthomonas citri subsp. citri (Xcc), and to assess whether this trait can be transferred to a citrus type highly sensitive to the bacterium, transgenic 'Hamlin' sweet orange (Citrus sinensis L. Osbeck) plants over-expressing a linalool synthase gene (CuSTS3-1) were generated. Transgenic lines (LIL) with the highest linalool content showed strong resistance to citrus canker when spray inoculated with the bacterium. In LIL plants inoculated by wounding (multiple-needle inoculation), the linalool level was correlated with the repression of the bacterial titer and up-regulation of defense-related genes. The exogenous application of salicylic acid, methyl jasmonate or linalool triggered responses similar to those constitutively induced in LIL plants. The linalool content in Ponkan mandarin leaves was significantly higher than that of leaves from six other representative citrus genotypes with different susceptibilities to Xcc. We propose that linalool-mediated resistance might be unique to citrus tissues accumulating large amounts of volatile organic compounds in oil cells. Linalool might act not only as a direct antibacterial agent, but also as a signal molecule involved in triggering a non-host resistance response against Xcc.
Introduction
Various types of volatile compounds, such as methyl salicylic acid (SA), methyl jasmonate (MeJA) and ethylene, act as plant defense signals that are produced locally in response to pathogen infections and wounding, and are rapidly dispersed throughout the plant (Pichersky and Gershenzon 2002) . Salicylic acid, jasmonic acid (JA) and ethylene are key plant hormones that introduce systemic acquired resistance (SAR) by triggering a potent plant innate immunity system against a broad range of pathogens and pests (Shah 2003 , Laoke and Grant 2007 , Yasuda et al. 2008 . In general, SA induces diverse plant defense responses depending on the pest/pathogen and the host, including a burst of reactive oxygen species (ROS), rapid induction of a hypersensitive reaction (HR) involving regulated cell death, accumulation of pathogenesis-related (PR) proteins, induction of resistance gene-dependent plant defense or longterm resistance via nonspecific plant defense systems (Smith et al. 2009 ). Jasmonic acid-mediated resistance is associated with antiherbivore defense and the generation of secondary metabolites that repel herbivores and prevent feeding (Wasternack and Hause 2013) . Ethylene is associated with programmed cell death and modulates the HR and a local rapid cell death in response to the attacks of pathogens (Van Loon et al. 2006a) . These signal molecules cause diverse plant defense responses through a three-sided antagonistic cross-talk at multiple steps in SA-, JA-, ethylene-and abscisic acid (ABA)-mediated signaling pathways to induce SAR (Anderson et al. 2004 , Yasuda et al. 2008 .
Additionally, plants constitutively produce antimicrobial compounds that inhibit host-and non-host pathogen growth through SAR (Senthil-Kumar and Mysore 2013) . Among these compounds, secondary metabolites, including terpenoids, are reported to induce plant defense responses against a wide range of pathogens (Trapp and Croteau 2001, Ballester et al. 2011) . It has also been reported that SA, JA or ethylene activates the accumulation of terpenoids, which induces resistance against certain pathogens and pests (Halitschke and Baldwin 2004 , Van Schie et al. 2007 , Wasternack and Hause 2013 . In other instances, terpenoids were observed to trigger SA-or JA-mediated defense responses , Shah et al. 2016 . These results indicate that there is a cross-talk between volatile phytohormones and volatile terpenoids during plant defense activities. In citrus plants, most aerial tissues and organs have oil glands harboring various volatile organic compounds (VOCs), such as hemiterpenes, monoterpenes and sesquiterpenes, as well as their derivatives (Sawamura 2000 , Vekiari et al. 2002 . Monoterpenes and sesquiterpenes mediate the communication in plant-insect interactions, plant-pathogen interactions and pollinator attraction (Pichersky and Gershenzon 2002) . The VOCs have been associated with citrus plant defenses related to host recognition and growth inhibition of bacterial and fungal spores. d-Limonene, α-pinene, β-pinene and myrcene have stimulatory effects on host recognition, germination and growth of Penicillium digitatum (PD) and Penicillium italicum (PI) (Droby et al. 2008) . In rough lemon (Citrus jambhiri Lush) leaves, monoterpene volatiles are involved in plant defenses against microbes and herbivores (Yamasaki et al. 2007 ). In a transgenic orange plant with down-regulated d-limonene biosynthesis, fruit VOC composition is changed by the increased accumulation of certain oxygenated monoterpenes to generate broad-spectrum resistance against pathogens (Rodríguez et al. 2011 .
We have previously shown that linalool has antibacterial and antifungal activities against Xanthomonas citri subsp. citri (Xcc) and PI . High levels of linalool accumulate in the mature fruit peel and leaves of Ponkan mandarin (Citrus reticulata Blanco), which is a commercially important citrus type with field resistance to Xcc and Alternaria alternata. The essential oil of Ponkan mandarins has been proposed as an effective fungicide owing to its antifungal activity in vitro against PI, PD, A. alternata, Rhizoctonia solani and other microorganisms (Chutia et al. 2009 , Tao et al. 2014 . Citrus canker, which is caused by the bacterial pathogen Xcc, is a serious disease in citrus plants. Most citrus varieties are susceptible, and Xcc leads to necrotic dieback, general tree decline, fruit drop and the production of foul fruit. Severely infected trees become unproductive. Grapefruit (Citrus paradisi Macf.), Mexican lime [Citrus aurantifolia (Christm.) Swingle] and trifoliate orange (Poncirus trifoliata L. Raf.) are highly susceptible to Xcc. Sweet oranges (Citrus sinensis L. Osbeck) are moderately susceptible, with some cultivars being relatively resistant, while others are highly sensitive (Das 2003) . In contrast, Ponkan mandarin (C. reticulata) is moderately resistant and kumquat (Fortunella spp.) is highly resistant. In the case of the kumquat-canker bacteria interaction, resistance is the product of an active response in which ROS, HR and general defense-associated genes are induced (Febres et al. 2009 ). Ponkan mandarin plants also produce high levels of ROS in response to the flagellin from Xcc, and seedlings with high levels of ROS show increased transcription of PR genes and attenuated citrus canker symptoms (Pitino et al. 2015) . Numerous attempts have been made to determine the mechanism of resistance to Xcc by comparing resistant and susceptible varieties using global transcriptome analyses (Diatchenko et al. 1996 , Fu et al. 2012 ) and a nuclear proteome analysis (Rani et al. 2015) . Other groups have attempted to produce transgenic plants over-expressing different PR genes or the spermidine synthase gene to control Xcc (Chen et al. 2013 , de Oliveira et al. 2013 , Fu and Liu 2013 . These reports provided us with valuable information that clarified the role of genetic components underlying citrus plant defense, from the recognition of the pathogen to the development of SAR. However, the key components in the plant defense signaling pathway that separate susceptible and resistant varieties remain unclear, especially considering that the border between resistance and susceptibility to Xcc is generally vague for citrus types and varieties.
Herein, to address the biological significance of the high linalool content in citrus leaves related to interactions with Xcc, transgenic 'Hamlin' sweet orange plants over-expressing a linalool synthase gene (CuSTS3-1) from 'Miyagawawase' satsuma mandarin (Citrus unshiu Marc.) were generated. The transgenic plants over-accumulating linalool were strongly resistant to Xcc. The level of resistance was directly related to the endogenous linalool content and relative up-regulation of defense-related genes. This response was similar to that shown by Xcc-inoculated leaves upon MeJA or linalool exogenous applications. Among six representative citrus varieties with different susceptibilities to Xcc, linalool accumulated to high levels exclusively in Ponkan mandarin leaves. The biological role of linalool biosynthesis and accumulation in the leaves is discussed in relation to plant defense against Xcc.
Materials and methods

Production of transgenic sweet orange plants transformed with CuSTS3-1
The full-length cDNA of the previously isolated linalool synthase gene (CuSTS3-1) from 'Miyagawawase' satsuma mandarin (C. unshiu Marc.) ) was inserted into the pBI121 vector (Clontech Laboratories, Mountain View, CA, USA) in the sense direction, replacing the uidA gene. Thus, its expression was Tree Physiology Online at http://www.treephys.oxfordjournals.org controlled by the Cauliflower mosaic virus (CaMV) 35S promoter. Epicotyl segments of 'Hamlin' sweet orange (C. sinensis L. Osbeck) were inoculated with Agrobacterium tumefaciens strain LBA4404 according to the protocol of Boscariol et al. (2003) . Each adventitious shoot was grafted in vitro onto etiolated Troyer citrange (C. sinensis L. × P. trifoliata Raf.) seedlings. These grafted plants were re-grafted onto rough lemon (C. jambhiri Lush.). 'Hamlin' sweet orange plants harboring the empty binary vector pBI121 were concurrently generated as controls using the same method. Transgene incorporation was analyzed by polymerase chain reaction (PCR) in the kanamycin-resistant regenerated plants. The following two sets of primers were used for the PCR analysis: 35S forward primer (5′-ATCTCCACTGACGTAAGGGATG ACG-3′) and CuSTS3-1 reverse primer (5′-CCCGGGTTAATAAA CTCCTTCAGTAG-3′); 35S forward primer and nos terminator primer (5′-ACAGGATTCAATCTTAAGAAACTTT-3′). Genomic DNA was isolated from leaves by the method of Dellaporta et al. (1983) . A Southern blot analysis was applied to evaluate the number of transgene loci incorporated into the transgenic plants. Ten micrograms of total DNA were completely digested with XbaI. A 0.65-kb fragment of the 35S promoter enhancer region (Clontech Laboratories) was subjected to DIG-labeling and used as a probe (Roche Molecular Biochemicals, Tokyo, Japan). The Southern blot analysis was conducted according to the manufacturer's instructions (Roche Molecular Biochemicals).
Evaluation of resistance to Xcc of transgenic sweet orange plants challenged by a spray inoculation
Transgenic 'Hamlin' sweet orange plants carrying the linalool synthase transgene (LIL plants) or carrying the empty vector (CNT plants) were evaluated for Xcc resistance. Shoots with young expanded leaves were spray inoculated with a bacterial suspension consisting of 10 6 colony-forming units (CFU) ml
and 10 mM magnesium sulfate as described by Hao et al. (2016) . The plants were sprayed once and then grown at 28°C for 30 days. Then, canker symptoms in the leaves were observed and photographed. The area of canker lesions per total leaf area (cm 2 ) was evaluated in each plant at 30 days postinoculation. The experiment was performed in triplicate for each transgenic line and the data are provided as the mean ± standard deviation (SD) (n = 3).
Evaluation of the resistance to Xcc of transgenic and elicitor-treated sweet orange plants challenged by a multiple-needle inoculation Specific leaves from LIL and CNT plants were inoculated in planta with a bacterial suspension consisting of 10 8 CFU ml -1 and 10 mM MgCl 2 through wounds produced by multiple needles. Five days after inoculation, leaves were excised and ground in sterilized water containing 10 mM MgCl 2 . Serial dilutions were plated onto YP agar medium. Colonies were counted for each sample after 48 h of incubation at 28°C. The results were calculated as CFU cm -2 of excised leaf. Additionally, CNT transgenic leaves from whole plants were treated with exogenous applications of 100 µM SA, 100 µM MeJA or 100 µM linalool and then inoculated. Colonies were counted as described earlier. These experiments were performed in triplicate, and the data are provided as the mean ± SD (n = 3).
Transcriptional analysis of defense-related genes up-regulated upon Xcc inoculation by quantitative real-time PCR
The LIL and CNT transgenic leaves inoculated as described earlier were collected at 0, 24 and 48 h after Xcc inoculation, immediately frozen in liquid nitrogen, and stored at −80°C. Total RNA was isolated from leaves using the RNeasy Mini kit (Qiagen, Hilden, Germany). The cDNA was constructed from 1 µg total RNA using the QuantiTect ® Reverse Transcription kit (Qiagen). Primer
Express software (Applied Biosystems, Foster City, CA, USA) was used to design the primers for CuSTS3-1, CuSTS4, PR-1, PR-2, PR-4, PR-5, chitinase 1 (Chi-1) and phenylalanine ammonia-lyase 1 (PAL-1) ( Table 1 ). The conserved sequences of clementine mandarin and sweet orange (http://phytozome.jgi.doe.gov/pz/ portal.html) and previous reports were used (Francis et al. 2009 . Elongation factor 1 alpha (EF1-α) was used as an endogenous control gene. All primer sequences are listed in Table 1 . The quantitative real-time PCR (qRT-PCR) was conducted with the Power SYBR Green PCR Mix (Applied Biosystems) using the ABI PRISM 7000 system (Applied Biosystems) according to the manufacturer's instructions. The PCR conditions were as follows: preliminary denaturation for 10 min at 95°C; 40 cycles of 95°C for 15 s and 60°C for 60 s; and a post-PCR dissociation analysis step. Gene expression levels were normalized to those of EF1-α. The qRT-PCR was carried out in triplicate and the data are provided as the mean ± SD (n = 3).
Quantification of linalool by gas chromatography-mass spectrometry and SA and JA by liquid chromatography-mass spectrometry
Volatile organic compounds were extracted from the following six representative citrus varieties as described by Hara et al. (1995) : 'Miyagawawase' satsuma mandarin (C. unshiu), clementine mandarin (Citrus clementina hort ex. Tanaka), 'Valencia' sweet orange (C. sinensis), 'Eureka' lemon (Citrus limon Burm. f.), Ponkan mandarin and 'Mato Buntan' pummelo (Citrus grandis L. Osbeck). The instrument and assay conditions were as follows: instrument, QP2010 (Shimazu, Kyoto, Japan); column, Insert Cap 1 capillary column, 30 m × 0.25 mm internal diameter, film thickness 0.25 µm (GL Sciences, Torrance, CA, USA); carrier gas, He (1.7 ml min -1 ); injector temperature, 100°C; ionization voltage, EI 70 eV; oven program, started at 50°C (3-min hold) and then increased by 5°C min -1 to 200°C.
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Salicylic acid and JA were extracted and purified from 50 to 80 mg mature leaves for the above-mentioned six varieties and quantified with an Agilent 1260-6410 Triple Quad liquid chromatography-mass spectrometry (LC-MS) system (Agilent Technologies Inc., Santa Clara, CA, USA) according to the method of Tsukahara et al. (2015) . Citrus leaves contained a compound whose chromatogram peak overlapped with that of the internal standard of JA (D2-JA), which potentially interfered with the analysis. This interference was only marginal because the abundance of the compound was <1% of the added D2-JA in our preliminary test. This compound was quantified in triplicate, and the data are provided as the mean ± SD (n = 3).
Results
Production of transgenic sweet orange plants transformed with CuSTS3-1
To assess the possible biological role of the high linalool content in citrus leaves related to canker resistance, transgenic 'Hamlin' sweet orange plants were generated by Agrobacterium-mediated transformation to over-express the linalool synthase gene CuSTS3-1 under the control of the CaMV 35S constitutive promoter. 'Hamlin' sweet orange was chosen because it is highly sensitive to citrus canker both in the laboratory and under field conditions. Six independent transgenic lines were obtained via kanamycin selection and designated LIL #1 to LIL #6. Tree habit and leaf color of LIL transgenic plants were similar to those of the CNT counterparts (results not shown). Transgene integration was confirmed in all lines by a Southern blot (data not shown). Three lines were selected for further experiments based on high (LIL #2), medium (LIL #3) and low (LIL #5) linalool contents. The overexpression of CuSTS3-1 and linalool content in leaves were determined by qRT-PCR and gas chromatography-mass spectrometry (GC-MS) analysis, and the data are provided in Figure 1A and B, respectively. The linalool content of LIL #2 leaves was 137.7 μg g -1 fresh weight, which is approximately one-tenth of that found in Ponkan mandarin leaves in the field, but it is mathematically sufficient to kill at least 10 7 Xcc CFU ml -1 according to our previous results ).
Resistance to Xcc of the transgenic sweet orange plants challenged by a spray inoculation
To determine whether linalool accumulation in the leaves of LIL transgenic plants altered the natural susceptibility of 'Hamlin' sweet orange to Xcc, canker symptoms were observed in lines with high, medium or low linalool content (LIL #2, #3 and #5, respectively) and a CNT line 30 days after a spray inoculation with a 10 6 CFU ml -1 bacterial suspension. An average of 36.7
canker lesions were clearly observed on the back side of the leaves from CNT plants, while no canker symptoms were observed in LIL #2 and LIL #3 leaves (Figure 2A ). A few canker lesions were observed in LIL #5 plants. Transgenic line LIL #5 had an approximately 10-fold smaller lesion area per leaf than the CNT line ( Figure 2B ). These results indicated that a higher accumulation of linalool in the transgenic leaves would be advantageous for preventing infections via stomata or decreasing the susceptibility to citrus canker disease.
Resistance to Xcc of transgenic sweet orange plants challenged by a multiple-needle inoculation
To determine whether linalool accumulation influences the multiplication of Xcc inside leaves infected by wounding, bacterial growth assays were carried out using the transgenic LIL and CNT lines inoculated with multiple needles. Based on the suspension solutions recovered from infected leaves, an Ectopic accumulation of linalool confers resistance to Xcc 657 average of 6.7 × 10 5 Xcc CFU cm -2 was calculated for CNT samples (Figure 3 ). In the LIL transgenic lines, the average value of Xcc for LIL #2 (3.4 × 10 4 CFU cm -2 ) was the lowest among the three transgenic lines. A comparison of the linalool levels of the LIL transgenic lines and the Xcc titers after inoculation by wounding revealed these values were negatively correlated ( Figure 3 ). This result indicated that a higher linalool concentration in leaves would better suppress the multiplication of Xcc inside leaf tissues. To study whether the exogenous application of linalool (or other defense-related elicitors such as MeJA and SA) induces protective effects comparable to those triggered by ectopic over-accumulation of linalool in 'Hamlin' sweet orange plants, CNT leaves were treated with either SA, MeJA or linalool (LIL), inoculated with Xcc using multiple needles, and analyzed for bacterial multiplication 2 days later. The application of SA moderately repressed the multiplication of Xcc (2.5 × 10 5 CFU cm -2 ), while MeJA or LIL application resulted in significant repression (3.3 × 10 4 and 1.2 × 10 4 CFU cm -2 , respectively) ( Figure 3 ).
In the cases of SA and MeJA, our results suggested that the repression of Xcc multiplication in infected leaves was conferred by the plant defense cascades triggered by either SA or MeJA signals. For the exogenous application of LIL, a strong defense against Xcc may be explained by the direct antibacterial activity of LIL ), but the possibility of an additional activation of defense responses cannot be eliminated.
Transcriptional changes of defense-related genes in transgenic LIL sweet orange leaves and elicitor-treated CNT leaves after bacterial challenge
To assess whether ectopically enhanced linalool accumulation in LIL transgenic plants affects constitutive defenses, transcriptional changes of six representative defense-related genes (PR-1, PR-2, PR-4, PR-5, Chi-1 and PAL-1) were investigated by qRT-PCR at 0, 24 and 48 h after Xcc inoculation with multiple needles (Figure 4) . In LIL #2 samples, a significant increase in the expression of all six genes was observed at 24 and 48 h postinoculation. The LIL #3 leaves showed a non-uniform up-regulation of PR-1, PR-2, PR-4 and PAL-1 expression levels at different time points, while significant differences were not observed in LIL #5 in comparisons with Xcc-inoculated CNT (I-CNT) and non-inoculated CNT (N-CNT) samples. None of the six genes was induced in I-CNT and N-CNT samples. These results suggested that the reduction in the Xcc titer may have occurred because of the direct antibacterial activity of linalool, but also through the up-regulation of defense-related genes.
To study whether a linalool application induces defense responses comparable to those triggered by either SA or MeJA treatments, these compounds were exogenously applied to the leaves of CNT plants. Transcriptional changes of the six representative defense-related genes differed depending on the elicitor treatment. All three elicitors up-regulated PR-1, while SA up-regulated PR-2, and SA or linalool up-regulated PR-4 and PR-5 at 48 h. Additionally, SA or MeJA up-regulated PAL-1 at 24 and 48 h. The only genes that were extraordinarily induced by linalool or MeJA exogenous applications were Chi-1 at 48 h and PR-2 at 24 h ( Figure 5 ).
Transcriptional changes of the two previously characterized linalool synthase genes from 'Miyagawawase' satsuma mandarin (CuSTS3-1 and CuSTS4) ) were investigated in 'Hamlin' sweet orange leaves in response to the same three elicitor treatments. CuSTS3-1 is at least 97.3% identical to Ciclev10014707m and orange1.1g045021m at the nucleotide sequence level, while CuSTS4 is 99.5% identical to orange1.1g045021m at the nucleotide sequence level. Therefore, Ciclev10014707m and orange1.1g045021m are considered the corresponding CuSTS3-1 and CuSTS4 genes in sweet orange, coding for linalool synthase and nerolidol/linalool synthase enzymes, respectively. The application of MeJA rapidly upregulated CuSTS3-1 at 24 h, while MeJA or linalool (and not SA) generally induced the transcription of both linalool synthase genes at 48 h ( Figure 5 ). Transcriptional analysis was carried out using SYBR green quantitative PCR (A) and the linalool content was determined using GC-MS (B). Samples showing significant differences at P < 0.05 vs CNT samples are marked with an asterisk.
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Linalool content in the leaves of six representative citrus genotypes is directly related to Xcc resistance rather than SA and JA contents
In order to clarify the relationship between linalool accumulation in leaves and Xcc susceptibility among citrus varieties, the constitutive linalool content was investigated in mature leaves of the following six citrus genotypes with different sensitivities to Xcc: clementine mandarin, 'Valencia' sweet orange, 'Miyagawa' satsuma mandarin, Ponkan mandarin, 'Mato Buntan' pummelo and 'Eureka' lemon. Ponkan mandarin shows field resistance to citrus canker, whereas 'Mato Buntan' pummelo and 'Eureka' lemon are highly sensitive (Gottwald et al. 2002) . It was notable that linalool content was the highest in Ponkan mandarin leaves, with an average abundance approximately 120 times higher than that in the leaves of the other citrus types. 'Eureka' lemon and 'Mato Buntan' pummelo had the lowest leaf linalool levels, while 'Valencia' sweet orange, clementine mandarin and 'Miyagawawase' satsuma mandarin, which were moderately resistant to Xcc, had higher linalool levels, though these differences were not significant ( Figure 6 ). In contrast, the SA content was higher in 'Eureka' lemon leaves, while it was comparable in the other types. The JA content was similar among citrus genotypes, with the exception of 'Eureka' lemon, which had a slightly lower concentration of JA. Similar results were observed in a transgenic orange line with downregulated d-limonene in which the SA level was higher in the susceptible control orange line than in the fungal-resistant transgenic orange line . Altogether, these results indicated a greater correlation between linalool levels and field resistance to citrus canker in leaves for most citrus types than between SA and JA abundance and citrus canker resistance. Figure 2 . Canker lesions in inoculated leaves (A) and estimated canker area/leaf (B) in transgenic sweet orange plants at 30 days after a spray inoculation with Xcc suspensions containing 10 6 CFU ml -1 . CNT: Xcc-inoculated transgenic 'Hamlin' sweet orange harboring the T-DNA from the empty vector; LIL #2, #3 and #5: Xcc-inoculated transgenic 'Hamlin' sweet orange lines harboring the CuSTS3-1 transgene. Samples showing significant differences at P < 0.05 vs CNT samples are marked with an asterisk.
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Discussion
Volatile terpenoids have various functions in inter-and intra-plant communication and plant defense against herbivores and pathogens (Gershenzon and Dudareva 2007) . Among these volatile terpenoids, we have become interested in oxygenated monoterpenes with a broad spectrum of antibacterial and antifungal activities (Kotan et al. 2007) , and particularly in linalool, which is the major oxygenated monoterpene in citrus varieties. Linalool attracts insects during flowering, and many plants produce linalool in their floral organs (Cseke et al. 2006) . Linalool is one of the major emitted monoterpenes in citrus leaves and plays a role in preventing spore germination and hyphal growth of A. alternata in wounded rough lemon leaves (Yamasaki et al. 2007 ). Our previous study indicated that linalool might be involved in the field resistance of Ponkan mandarin to an Xcc attack, because Ponkan mandarin leaves accumulate very large amounts of linalool, sufficient to show antibacterial activity against Xcc in vitro . In this study, to analyze the possible biological role of high linalool content in citrus leaves affecting Xcc resistance, transgenic 'Hamlin' sweet orange plants over-expressing a linalool synthase gene were generated. The level of Xcc resistance among independent transgenic sweet orange lines correlated with linalool content in their leaves. In the high linalool LIL #2 line, the multiplication of Xcc inside inoculated leaves was strongly repressed, and this coincided with the up-regulation of defense-related genes. Conversely, linalool at very low or null levels in leaves from the CNT line resulted in high Xcc titers with very low, non-significant activation of defense-related genes.
The PR genes and other similar defense-related genes are induced by fungal, bacterial or viral infections or by insectinduced damage (Van Loon et al. 2006b ). Seventeen different families of PR proteins have been identified and classified (Ebrahim et al. 2011) . The PR proteins have a wide range of functions, and include cell wall degrading proteins, proteinase inhibitors, peroxidases, defensins, lipid-transfer proteins and other defense-related proteins. The PR proteins accumulate locally to induce an HR, and are also spread throughout the plant, which helps initiate SAR (Van Loon and Van Strein 1999) . The SAR of plants triggers the activities of an innate immune system in response to a broad spectrum of pathogens. Interestingly, LIL #2 plants responded similarly to Xcc and exogenous applications of SA and JA, which are major plant hormones that mediate plant defenses against pathogens and herbivores (Smith et al. 2009 ). Wang and Liu (2012) reported that the exogenous application of SA on citrus plants confers resistance to Xanthomonas axonopodis pv. citri invasion. Additionally, the up-regulation of defense-related genes varied depending on the elicitor used and the investigated gene. Nevertheless, the ectopic over-accumulation of linalool in the leaves of transgenic plants activated defenserelated genes partially different from those induced by the exogenous application of JA, SA or linalool. These results indicate that linalool functions as a signal molecule and there may be cross-talk among SA, JA and linalool during plant defense signaling responses. A three-sided antagonistic cross-talk occurring at multiple steps in the SA-, JA-, ethyleneand ABA-mediated signaling pathways induces SAR (Anderson et al. 2004 , Yasuda et al. 2008 . In fact, SA levels increased in control orange plants, while JA metabolic activities and signaling considerably increased in fungal-resistant transgenic orange peels with down-regulated d-limonene levels , as well as higher SA content in susceptible variety of 'Eureka' lemon. These findings reveal that changes to aromatic components and contents might influence SA and JA levels during plant defense responses. In rough lemon (C. jambhiri), the wounding of leaves promotes the release of monoterpenes, among which linalool is the Figure 5 . Transcriptional changes of six representative defense-related genes and two linalool synthase genes after the exogenous application of SA, MeJA or linalool (LIL) and a subsequent multiple-needle inoculation with Xcc at 0, 24 and 48 h after challenge, as assessed by SYBR green qRT-PCR. N-CNT: non-inoculated transgenic 'Hamlin' sweet orange harboring the T-DNA from the empty vector; I-CNT: Xcc-inoculated transgenic 'Hamlin' sweet orange harboring the T-DNA from the empty vector; SA: Xcc-inoculated transgenic 'Hamlin' sweet orange harboring the T-DNA from the empty vector and treated with exogenous salicylic acid; MeJA: Xcc-inoculated transgenic 'Hamlin' sweet orange harboring the T-DNA from the empty vector and treated with exogenous methyl jasmonate; LIL: Xcc-inoculated transgenic 'Hamlin' sweet orange harboring the T-DNA from the empty vector and treated with exogenous linalool. Samples showing significant differences at P < 0.05 vs I-CNT samples are marked with an asterisk.
Tree Physiology Online at http://www.treephys.oxfordjournals.org most abundant (Yamasaki et al. 2007 ). The monoterpene volatiles are considered to likely mediate the defense of rough lemon against insects and pathogens because treatments with vaporized monoterpenes increased the transcription of defense-related genes (Yamasaki et al. 2007 ). In 'Hamlin' sweet orange, the exogenous applications of JA or linalool up-regulated linalool synthase genes, and both treatments resulted in highly repressed Xcc multiplication in leaves inoculated with multiple needles. Taniguchi et al. (2014) reported that jasmonate-mediated induction of linalool is involved in resistance to bacterial blight disease mediated by Xanthomonas oryzae pv. oryzae in rice (Oryza sativa L.). Thus, we hypothesize that linalool has roles as a direct toxic compound and as a signal molecule that induces a plant defense response.
In general, linalool and other related VOCs are generated in plants as a phytoalexin or signal molecule in the JA-mediated resistance pathway in response to pathogen or pest attacks. In contrast, citrus varieties almost constitutively produce and accumulate various VOCs in secretory cavities containing oils in leaves, stems, flowers and fruits. Although their precise biological roles are presently unknown, VOCs might represent a unique constitutive defense system against certain pests and pathogens. In this sense, linalool-mediated resistance may be a kind of broad spectrum, non-host resistance against bacterial and fungal pathogens (Kotan et al. 2007 . Considering the inverse correlation between linalool accumulation and Xcc susceptibility observed in transgenic lines and representative citrus types, linalool accumulation in citrus leaves might be useful as an indicator to evaluate the susceptibility of citrus varieties to Xcc. Further research is required to clarify the specific role of JA in linalool-mediated induction of Xcc resistance, and whether linalool-mediated resistance provides field protection to transgenic 'Hamlin' sweet orange plants against Xcc. This is because various factors, including other genetic components, leaf structure and various primary and secondary substances released by challenged tissues, are expected to affect this interaction.
